The light-dependent accumulation of radioactively labeled inorganic carbon in isolated spinach (Spinacia orwcea L.) chloroplasts was determined by silicone oil filtering centrifuption. Intact chloroplasts, darkincubated 60 seconds at pH 7.6 and 23°C with 0.5 millimolar sodium bicarbonate, contained 0.5 to 1.0 millimolar internal inorganic carbon.
performed with '4qCdimethyloxazolidine-dione. About one-third of the binding sites on the enzyme ribulose 1,5-bisphosphate carboxyase were radiolabeled when the enzyme was activated in situt and 4C02 bound to the activator site was trapped in the presence of carboxypentitol bisphosphates. Deleting orthophosphate from the incubation medium eliminated inorganic carbon accumulation in the stroma. Thus, bicarbonate ion distribution across the chloroplast envelope was not strictly pH dependent as predicted by the Henderson-Hasselbach formula. This finding is potentially explained by the presence of bound CO2 in the chloroplast.
that illumination should produce a 10-fold increase of bicarbonate ion within this space. The following report details efforts in this laboratory to verify this observation.
In addition to being the substrate for photosynthetic carbon assimilation, CO, is an essential factor in the light-activation of the enzyme RuBP' carboxylase (14, 18) . Results obtained with isolated enzyme preparations demonstrated that an activator CO2 molecule, which is not the substrate for CO2 fixation, forms an e-aminocarbamate with a lysyl residue located near the active site region (18) . Because the carboxylase constitutes over onehalf the soluble protein in the stroma, the concentration of CO2 binding sites in the chloroplast exceeds 3 mm (14) . The fractional occupancy of these binding sites is unknown (4), although recent evidence suggests that RuBP carboxylase in vivo is predominantly activated at saturating irradiances for photosynthesis (19, 23) . Direct evidence for high concentrations ofCO2 bound to protein has been obtained via '3C-NMR analysis of Euglena gracilis Z cells (29) . Sequestering inorganic carbon as a protein-carbamate may prevent the diffusive loss of CO2 from the cell. It is obvious that protein-bound CO2 would effect the distribution ofinorganic carbon across the chloroplast envelope independent of the Henderson-Hasselbach relationship and would complicate stromal pH determinations using bicarbonate salts.
MATERIALS AND METHODS
The low ambient CO2 concentration in the atmosphere may be a critical factor limiting the photosynthetic rate of agronomic crop species (6) . In spite of the importance of CO2 to the carbon assimilation process, there have been relatively few studies on the acquisition of inorganic carbon by isolated chloroplasts or by chloroplast envelope preparations (21, 22, 27) . The transfer of inorganic carbon across the chloroplast membrane has been reviewed recently (8) and this process has the following important features: (a) permeability of the chloroplast envelope is high for CO2 relative to bicarbonate (27) , (b) diffusion of CO2 across the chloroplast envelope is rapid and bicarbonate accumulation saturates in less than 30 s at 9C (21, 27) , and (c) distribution of bicarbonate ion across the chloroplast envelope is dependent upon the pH gradient between the internal and external medium as predicted by the Henderson-Hasselbach equation (27) . This latter observation is significant inasmuch as the internal and external bicarbonate ion concentrations can be used to calculate the pH of the chloroplast stroma (27) . It is widely recognized that illumination of isolated, intact chloroplasts induces an alkalization of the stroma ofabout 1.0 pH unit (12, 28), suggesting Chloroplast Isolation. Intact spinach chloroplasts were isolated from 4-to 5-week-old spinach plants (Spinacia oleracea var. Viroflay, Ferry Morse Seed Co., Mountain View, CA)2 as described previously (15) . Plants were raised from seed in vermiculite in controlled environment chambers (800 ,E m 2 s-', 9-h photoperiod, 22C day/18C night, 65 ± 5% RH) and were watered daily with complete nutrient solution. Chloroplast integrity exceeded 80% when determined by ferricyanide-dependent 02 evolution (9) . Chl was assayed in 80% (v/v) aqueous acetone (1) .
Bicarbonate Uptake. Accumulation ofinorganic carbon in the chloroplast stroma was determined by silicone oil filtering centrifugation (27 added to 0.4 ml polypropylene centrifuge tubes containing 0.13 ml silicone oil (density 1.04 g/ml, using a mixture of DowCorning 550 and 556 fluids) and a 0.01 ml trap of 2 N NaOH. Immediately before use NaH'4CO3 was added to each sample as indicated and the centrifuge tubes were quickly capped and placed in a model B Beckman Microcentrifuge. Samples were illuminated with saturating white light (1500 uE m-2 s-', 400 to 700 nm) following a 60-s dark preincubation period and temperatures were as indicated. Experiments were terminated by centrifugation at full line voltage and supernatants were immediately alkalized with 0.01 ml 2 N NaOH to prevent the loss of CO2. Chloroplast pellets were resuspended in 0.3 ml 0.1 N NaOH and insoluble debris was removed by centrifugation as above. Total radioactivity in the supernatant (0.01 ml) and pellet (0.05 ml) fractions was determined by liquid scintillation counting in 0.3 ml 50% (v/v) methanolic Carbosorb and 5.0 ml 2:1 toluene/ Triton-X-100 scintillation cocktail (6 g/l PPO and 0.15 g/l POPOP). Acid stable radioactivity was determined by adding 0.05 ml of the supernatant or pellet fractions to 0.5 ml 1 N HCI and drying at 90C. Samples were counted in 0.5 ml distilled H20 and 3.5 ml scintillation cocktail as above. Quench correction was by the external standard/channels ratio method. Values are reported as the average of two measurements determined simultaneously.
Chloroplast pH and Volume. The internal and external volume of each chloroplast preparation was determined by measuring the ["C]sucrose and the 3H20 permeable spaces as described by Gel Chromatogaphy. Determination of "4CO2 bound to the active site of RuBP carboxylase was based on the trapping procedure described by Badger and Lorimer (3). Intact chloroplasts (0.14 mg Chl) were incubated 20 min at 25°C in 2.88 ml solution C to deactivate RuBP carboxylase in situ (14) . After an additional 8-min dark incubation with 10 mm NaH"4C03 (2.71 Ci/mol) to reactivate the carboxylase, the chloroplast suspension was pelleted by centrifugation (400g for 2 min). The supernatant was removed by aspiration and the chloroplast pellet was resuspended immediately in 25 mM Tris-HCl (pH 8.2), 20 mM MgC92, 2 mm CPBP, and 5 mm NaH'2CO3 to osmotically rupture the preparation. After an additional 20-min incubation to trap the 14C02 bound to the active site region of RuBP carboxylase, the broken chloroplasts were removed by centrifugation (2000g for 5 min). The supernatant was applied directly to a 2 x 17 cm Bio-Gel P6 (50 to 100 mesh) column that had been equilibrated at room temperature with 25 mm Tris-HCl (pH 8.2) containing 20 mM MgCl2. Fractions (1.1 ml) were collected at 1.7 ml min-' in tubes containing 0.05 ml 2 N NaOH. After determining the acid labile-alkali stable "4C-radioactivity of each fraction, protein was precipitated with 5% (v/v) TCA and determined by the method of Lowry et al. (17) using BSA as a standard. Unlabeled CPBP was prepared from NaCN and RuBP as described by Pierce et al. (20) .
Chemicals. Reagents and enzymes were purchased from Sigma Figure 1A shows that the uptake ofinorganic carbon by spinach chloroplasts at 8°C and pH 7.6 saturated after 2 min of illumination. The rate and absolute amount of inorganic carbon accumulated by spinach chloroplasts increased at 23°C, although the maximal Ci concentration also occurred after 2 to 3 min of light (Fig. 1B) . The rate of "CO2 fixation was 65 Mmol (mg Chl)' h-' at room temperature with 0.51 mm bicarbonate in the medium. By comparison, the rate of inorganic carbon accumulation between 0 and 2 min of light was only 3.5 gmol (mg Chl)-' h-'. This finding suggested that the flux of inorganic carbon across the chloroplast envelope was largely attributable to photosynthesis. There was a 6.4-fold increase in C, concentration after 2 min of light both at 8 and 23°C which corresponded to an alkalization of the stroma of about 0.6 pH units. The inorganic carbon concentration in the external medium decreased as a result of CO2 fixation. After 2 min of light, the C, concentration was 22 (23C) or 10 (8°C) times greater than levels on inorganic carbon in the medium. This result showed that isolated spinach chloroplasts are capable of concentrating large amounts of inorganic carbon in the light. Volokita et al. (26) also reported that the accumulation of inorganic carbon in pea mesophyll protoplasts was not saturated after 2 or 3 min of light.
The dark efflux of inorganic carbon from intact spinach chloroplasts following 2 min of preillumination is shown in Table I . Results are given for experiments conducted at 5C and indicated that about two-thirds ofthe inorganic carbon found in the stroma immediately following 2 min of light was retained after an additional 3-min dark incubation. The stromal inorganic carbon pool was 3-to 5-fold greater than the C. concentration throughout the 3-min postillumination period. Similar findings were obtained in experiments performed at room temperature (data not shown); however, experimental errors were large because (21, 27) . Second, carbonic anhydrase stimulates the photosynthetic rate of isolated spinach chloroplasts illuminated with limiting C02, presumably by accelerating the dehydration of HCO3- (24) . Exogenous carbonic anhydrase also increases inorganic carbon uptake by isolated spinach cMloroplasts illuminated at elevated pH to limit CO2 availability (R. C. Sicher, unpublished data). Findings of Figure 2 support Figures 1 and 2 showed that the dark Ci concentration was either greater than or equal to the level of inorganic carbon in the external medium. This finding is inconsistent with the Henderson-Hasselbach relationship since, as has been demonstrated previously (12, 28) , the dark, internal chloroplast pH is less than that of the medium (7.1 to 7.4 versus 7.6). Figures 1 and 4 of Werdan et aL. (27) Determination of Protein-Bound '4CO2. To calculate stromal pH with NaH'4C03 it is necessary to assume that the major pool ofinorganic carbon in the chloroplast is free HC03- (27) . Results of Figure 3 suggest that in addition to free HCO3-, some of the CO2 in the chloroplast is bound to the active site of RuBP carboxylase. Protein-carbamate was trapped by a method that takes advantage of the extremely stable, albeit slow forming complex, between 14C02-and Mg2`-activated RuBP carboxylase and a mixture of substrate analogs, CPBP, which are formed by a cyanohydrin reaction with RuBP (20) . In this experiment, RuBP carboxylase was activated in situ with '4CO2 and the chloroplasts were osmotically ruptured in a medium designed to stabilize the enzyme-'4CO2-Mg2+-CPBP complex while minimizing the in vitro formation of protein-bound '4CO2. Acid labile, high mol wt '4C-radioactivity was separated from inorganic carbon by gel filtration. There were 0.5 mg soluble protein recovered from the chloroplast lysate following the column separation procedure suggesting that a significant portion of the stromal protein was retained in the broken chloroplast pellet. This finding was anticipated since 20 mM Mg2+, which is necessary for trapping CO2 bound to the active site of the carboxylase, reduces the yield of soluble protein from osmotically ruptured chloroplasts (16 (10) . Therefore, if a portion of the inorganic carbon pool in the stroma is bound to the carboxylase it follows that Pi should affect the light-dependent uptake of (29) . This conclusion is supported by the following lines of evidence: (a) the kinetics of inorganic carbon uptake and the rate ofCO2-dependent activation ofRuBP carboxylase have a half-time of about 30 s (compare Fig. 1 and Ref. 14); (b) inorganic carbon uptake and the activation ofRuBP carboxylase are both affected by the pH and orthophosphate concentration of the stroma; (c) protein-bound CO2 that was formed in situ has been isolated from Euglena cells (29) and from spinach chloroplasts (Fig. 3) ; and (d) studies with either isolated mesophyll protoplasts or with wheat leafextracts suggest that RuBP carboxylase is mostly in the activated form in vivo (19, 23) . In addition to protein, inorganic carbon has been reported to bind directly to chloroplast membranes (25) . The slow release of Ci in the dark is further evidence for a pool of bound CO2 in the stroma. As a final point, bicarbonate uptake measurements underestimate the light-dependent alkalization of the stroma by 40% to 50%. Results of the present study suggest that bound CO2 in the chloroplast may effect the distribution of HCO3 across the chloroplast envelope so that the HendersonHasselbach relationship was not observed. These findings do not preclude the possibility that some other unidentified factor was responsible for this discrepancy.
